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We demonstrate Resonant Tunneling Diodes, embedded in double metal cavities, strongly
coupled to the cavity field, while maintaining their electronic properties. We measure the
polariton dispersion and find a relative vacuum Rabi splitting of 16%, which explicitly
qualifies for the strong-coupling regime. Additionally we show that electronic transport
has a significant influence on the polaritons by modulating the coupling strength. The
merge between electronic transport and polaritonic physics in our devices opens up a new
aspect of cavity quantum electro-dynamics and integrated photonics.
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The emergence of semiconductor heterostructures has enabled countless electrical and optical
applications such as resonant tunneling diodes1, quantum cascade lasers2, quantum well infrared
photodetectors3,4 and high speed optical modulators5. This led to technological access of fre-
quency ranges beyond the reach of material bandgaps. A major advantage of these systems is that
the transitions between the electron energy levels (intersubband transitions), which originate from
the electronic confinement in one direction, can be engineered. By embedding heterostructures
in an optical cavity, which is in resonance with the intersubband transition, strong light-matter
interaction occurs6. Interesting physical phenomena, such as the vacuum Rabi splitting7,8 can be
observed in this regime. The occurrence of the vacuum Rabi splitting has been reported for var-
ious frequency ranges, covering the microwave, THz9 and mid-infrared10 regions. Even though
modulation of the reflection spectrum of semiconductor heterostructures11,12, electroluminescence
from intersubband polaritons13 and modified absorption spectra in strongly coupled quantum well
infrared photodetectors14 have been shown, electronic transport in strongly coupled systems has
mostly been neglected in scientific investigations. Due to the large intersubband matrix element,
the Rabi splitting in modulation doped semiconductor nanostructures is very large and even the
quantum Hall effect regime can be modified15.
Until today, resonant tunneling diodes, which are ideal systems for investigating resonant elec-
tronic transport, have been operating in the weak light-matter coupling regime. The carrier densi-
ties in resonant tunneling diodes can reach the same magnitude as in modulation doped structures
and can be controlled very fast (less than picoseconds) by the current due to large tunneling rates16.
Here, we demonstrate room temperature operation of triple barrier resonant tunneling diodes17,
strongly coupled to the field of a cavity at mid-infrared frequencies. The cavity is resonant to
the lowest intersubband transition of the quantum wells. We show, that electronic transport leads
to a significant modulation of the coupling strength due to a modulation of the electron injection
and extraction rates of the system. This has to be considered when designing transport enabled
polaritonic devices. Our results pave the way for gaining electrical control of intersubband po-
laritons. In addition, our results create new perspectives for investigating electronic transport in
strongly coupled systems, which is crucial for novel polaritonic applications such as intersubband
polariton lasers18.
The dominant parameter for strongly coupled systems is the coupling strength ΩR, which is
also know as the Rabi-frequency. Only for coupling strengths on the order of a few percent of
the transition energy or higher, strong-coupling effects can be observed, as the coupling strength
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has to outweigh the system losses. The coupling strength is essentially given by the transition
dipole element ~d12 of the intersubband transition and the electric field ~Ecav in the cavity
8. By
using information about the geometry the coupling strength can be written as
h¯ΩR = ~d12 ·~Ecav ∝
√
N2DEGnQW f12
V
, (1)
where the product of the 2D electron gas carrier density N2DEG and the number of quantum wells
nQW defines the number of charge carriers available for coupling. The f12 is the oscillator strength
of the lowest order intersubband transition. The cavity field scales inversely proportional with the
mode volume V . Hence, small cavities and materials with many charge carriers are favorable for
boosting the coupling strength. Resonant tunneling diodes are usually fabricated as small devices
to reduce the time constant and current instabilities. Thus, the scaling for high performance devices
favors the occurrence of strong coupling. The modulation of the number of charge carriers, which
couple to the respective cavity mode, leads to a modulation of the coupling strength, which can
be observed by a change of the minimal energy separation between the lower and upper polariton
absorption peaks. The heterostructure used for the experiments is a GaAs/AlGaAs based triple
barrier resonant tunneling diode, grown by molecular beam epitaxy. This design is better suited
for strong-coupling experiments than the more common double barrier resonant tunneling diode
designs19, as the two quantum wells effectively enhance the coupling strength. The devices show
an asymmetric electrical behavior caused by an undoped spacer region attached to one side of the
quantum wells17.
Our design features 70 nm wide, symmetrically n-doped contact layers with a sheet density of
7×1012 cm−2, leading to a homogeneous electric field distribution in the cavity. Additionally, the
wells, with a width of 10.2 nm each, are n-doped with a sheet density of N2DEG = 1.2×10
12 cm−2,
which increases the number of charge carriers available for coupling. The wells are separated
from each other with a 10.2 nm wide Al0.4Ga0.6As barrier and from the contact layers with 5.1 nm
wide Al0.4Ga0.6As barriers. Fig. 1 shows the simulated conduction band of such a device with an
electric field applied, so that the ground state of the first well and the first excited state of the second
well are aligned. The intersubband transition energy between the ground and first excited states
are calculated to be 95 meV. The intersubband transition matrix element f12 = 〈0|z|1〉, where |0〉
is the ground state, |1〉 is the first excited state and z is the position operator, is calculated to be
2.5 nm. Our simulations show that the perturbation of the transition matrix element for the entire
operational range is non-significant. Note that the electron transit time τd = L
2/(µeVB), where L
3
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FIG. 1. Simulated conduction band of the triple barrier resonant tunneling diode with an electric field
applied, so that the ground-state of the first well and the first-excited state of the second well align. The
blue curves are the ground-states of the quantum wells, the violet curves are the first-excited states. The
second-excited states are depicted in orange. The grey shaded area is the heterostructure band-gap. The
transition energy between the ground and excited states is calculated to be 95 meV and the transition matrix
element is estimated to be 2.5 nm.
is the device thickness, µe is the electron mobility in GaAs and VB is the applied voltage, is in the
range of 100 fs for almost the entire operational range of the device, which is considerably faster
than the Rabi frequency (≈ 2.4 THz). This can be identified as one of the main advantages of
resonant tunneling diodes compared to multi quantum well structures, as they intrinsically allow
to reach the nonadiabatic regime. The heterostructure is designed to have a high resistance and
hence low current densities in order to avoid lateral electric field inhomogeneities in larger devices
such as arrays. The high resistance has a negative impact on the maximum modulation frequency,
due to an increase of the RC time constant. This can be counteracted by employing H-shaped
resonators, which have a considerably lower electrostatic capacity than patch resonators.
Arrays of triple barrier resonant tunneling diodes, embedded in double metal H-shaped res-
onators, act as an active metamaterial surface (metasurface). The use of metasurfaces drastically
increases the interaction area of the devices, compared to a single resonator. The top- and bot-
tom metal layers additionally serve as electrical contacts for the resonant tunneling diodes. The
regularly arranged microresonators, each of which consists of two identical, vertical 1 µm long
bars with a width of 250 nm and a horizontal bar of the same width, with variable length, ranging
from 1.14 µm to 1.72 µm, are electrically connected to each other via 150 nm wide connection
lines perpendicular to the fundamental cavity mode dipole. The resonator arrays are fabricated by
4
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FIG. 2. Geometrically tunable resonator arrays allow the investigation of intersubband polaritons. (a)
Geometry of a single H-shaped resonator with the simulated vertically polarized component of the electric
field depicted in colors. The distance between the two outer bars w (ranging from 1.14 µm to 1.72 µm) is
used for tuning the resonance frequency. The outer bars themselves are 1 µm long and 250 nm wide. The
contact line, connecting the individual resonators, is designed to be 150 nm wide. (b) Scanning electron
microscope image of a resonator array. The single resonators are electrically connected via connection
lines perpendicular to the fundamental cavity mode. The source symbol indicates that the current is flowing
through the structure vertically from the top- to the bottom-contact.
using electron beam lithography. A silicon nitride layer serves as electrical insulation between the
ground plane and the contact lines, which connect the external bond pads and the resonator arrays.
Windows structured in the silicon nitride layer allow unperturbed optical access to the arrays. Due
to the intersubband transition selection rules, only the component of the electric field polarized
in growth direction is absorbed. A simulation of the electric field, polarized in this direction, is
depicted in Fig. 2 (a). A scanning electron microscope picture of the processed sample is seen in
Fig. 2 (b). Eleven arrays, each of which has a different resonator width w, for different resonance
frequencies were fabricated with an area of 200 µm by 200 µm each. The number of resonators
per array ranges from 2000 to 10000. The resonance frequency is tuned by the distance w of the
bars of the H-shaped resonator (compare Fig. 2 (a)). The array allows access to optical character-
ization techniques with a high signal to noise ratio, considering that the free-space wavelength is
one order of magnitude larger than the size of a single resonator.
A TM-polarized multipassmeasurement3 of the sample in a waveguide geometry allows a spec-
tral characterization of the intersubband transitions. The sample substrate of 650 µm thickness has
facets polished at a 45 degree angle and a length of 5 mm. This results in a total of 8 beam passes
through the heterostructure, while at the same time the electric field fulfills the intersubband polar-
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FIG. 3. Normalized reflection spectra of different resonator arrays with respective resonator sizes. The vac-
uum Rabi splitting near 96 meV can be clearly identified. The dotted lines are guides to the eye, indicating
the position of the polariton absorption peaks.
ization selection rule. Our triple barrier resonant tunneling diodes show an intersubband transition
energy of 96 meV with a full width at half maximum linewidth of 6 meV and a reflection mod-
ulation depth of 17%. The voltage-current characteristics of etched double metal mesa devices,
which are mounted in a continuous flow helium cryostat, show distinct resonant tunneling peaks
up to operating temperatures of 150 K. The current densities at the lowest resonance are ranging
from 3 to 9 Acm−2, depending on the operating temperature. Multiple arrays of resonators with
varying resonance frequencies allow the measurement of the intersubband polariton dispersion as
depicted in Fig. 3. The data are recorded using a Bruker Hyperion 3000 Cassegrain type micro-
scope attached to a Bruker Tensor 37 Fourier-Transform Infrared (FTIR) spectrometer. A liquid
nitrogen cooled mercury cadmium telluride detector is used for detection. We measure the reflec-
tion spectra at normal incidence using a beamsplitter, mounted within the FTIR-microscope. The
spot size can be set from the full array size down to the diffraction limit. By measuring different
subsections of the arrays we find that the spatial inhomogeneity of our device arrays is negligi-
ble. The vacuum Rabi splitting near 96 meV can be clearly identified. The relative vacuum Rabi
splitting is estimated to be 16% of the intersubband transition energy.
Applying a current results in a modulation of the intersubband polariton peak positions, such
that their energy separation is reduced. Fig. 4 (a) illustrates the measured spectrally resolved
reflectivity of a device array with a single element size of w= 1.60 µm for applied current densities
ranging from 10 Acm−2 up to 1000 Acm−2. The curves are shifted and colored according to the
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FIG. 4. The coupling strength is modulated by the current. (a) Spectrally resolved reflectivity of H-resonator
array with a single element size of w = 1.60 µm, for different current densities (J). The grey lines are the
actual measured spectra and the colorful lines are the Lorentzian curve fits. For high current densities the
energy separation between the lower- and upper-polariton absorption peaks is reduced. (b) Separation of the
two polariton absorption peaks, extracted from the two Lorentzian curve fits, in dependence of the applied
voltage and corresponding current density. The error bars denote one standard deviation of the fitting error,
which is significantly smaller than the observed downward trend for current densities beyond 100 Acm−2.
applied current density. The grey curves are the actually measured data and the colored curves are
Lorentzian curve fits. It can be seen with the bare eye that for high current densities the separation
between the polariton peaks is significantly reduced. Fig. 4 (b) shows the energy separation
between the polariton absorption peaks, extracted from two Lorentzian curve fit peaks. The error
bars indicate the single standard deviation fitting errors, which are significantly smaller than the
observed variation. It is apparent that for current densities beyond 100 Acm−2 the separation
between the polariton peaks is reduced rapidly. As the energy separation is a measure for the
coupling strength it can be inferred that it is modulated. The larger the minimal energy separation
of the polariton absorption peaks, the higher is the coupling strength.
The modulation of the coupling strength can be explained by referring to Eq. 1. The only
parameter to allow for electrical modulation is the charge carrier density, when taking into account
that the Stark shift is negligible. This underlines that this measurement principle can also be used
for optical estimation of the relative charge carrier densities. As a direct consequence of charge
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conservation, the charging rate of the device is proportional to the difference of the injection and
extraction current. The injection is assumed to be independent of the number of charge carriers
in the system. Additionally, infinitely large contact reservoirs are assumed. Hence, the injection
is completely given by the injection rate rin. Note that the total extraction is proportional to the
number of charge carriers in the system and an extraction rate rout. This can be written as
d
dt
N(t) =
1
q0
(Iin− Iout) = rin−N(t)rout, (2)
where N(t) is the momentary number of charge carriers, q0 is the elementary charge, Iin is the
input current and Iout is the output current. In the steady-state, which is reached very rapidly due
to the low electron transition times, the time derivative of the charge carrier number is zero. Hence
the mean number of injected electrons equals the mean number of extracted electrons. As a result
the mean number of charge carriers in the system is given by
Nstat =
rin
rout
. (3)
A decreasing number of charge carriers, like measured in this experiment, results in faster extrac-
tion rates relative to the injection rates. Increasing extraction rates also imply decreasing electron
dwell times τdwell = r
−1
out, meaning that the average time an electron spends within the quantum
wells is reduced.
We investigate the optical properties of triple barrier resonant tunneling diodes embedded in
resonant and off-resonant cavities. A multi-pass measurement is employed to characterize the
bare intersubband transitions. Spectrally resolved reflection measurements on arrays of double
metal resonators, yield a clear vacuum Rabi splitting, confirming the existence of intersubband
polaritons in said devices. Applying electric currents to a device array results in a modulation of
the coupling strength, which can be seen in the separation of the lower- and upper-polariton peaks.
This underlines that electrical control of strong-coupling can be achieved in devices as simple
as resonant tunneling diodes. These results pave the way for electronic devices operating in the
strong-coupling regime.
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